was one of the leading experimental biologists of the middle years of the twentieth century. He achieved an almost complete understanding of excitation and conduction in nerve fibres at the level possible with the techniques available at that time, and for this he received a share in the Nobel Prize for Physiology or Medicine in 1963. This work paved the way for subsequent unravelling by others of the molecular mechanisms, which followed from improvements in electronic techniques and the growth of molecular genetics. He also made major contributions to other aspects of the physiology of nerves and muscles, and especially to the mechanism of vision. During World War II he worked first in highaltitude physiology but for most of the war he was a member of the team that developed short-wave airborne radar, a development that was crucial to many of the successes of the Royal Air Force. His career was completed by holding two of the most distinguished positions open to an academic scientist in Britain, the presidency of The Royal Society (1970-75) and the Mastership of Trinity College, Cambridge (1978-84). He died in December 1998 after a long series of illnesses.
Alan, the eldest of three brothers, was born into a strictly Quaker family shortly before the outbreak of World War I. His father, George (1880-1918), after training and working for a time as a civil engineer, had settled into working in a bank in the small town of Banbury. He was resolute that his principles did not allow him to undertake any work that would help the war effort, an attitude that generated a degree of hostility that is difficult to believe for those of us who lived through World War II when the attitude of genuine conscientious objectors was readily accepted. George Hodgkin took part in relief work in Armenia, and on his way to that country for a second visit in 1918 he died of dysentery in Baghdad. Alan's mother made a second marriage in 1932, to Lionel Smith, Rector of the Edinburgh Academy and son of A.L. Smith, Master of Balliol College, Oxford, and his redoubtable wife. Alan's main boyhood interest was natural history, which he was able to pursue during his many visits to Quaker relatives in various parts of the country and at his two schools, The Downs near Malvern and Gresham's at Holt in Norfolk. He was not a mere bird-spotter but made several serious studies of bird behaviour. For example, at Gresham's he collaborated in what became an important study (Lack 1932 ) of nightjars with David Lack (F.R.S. 1951), his senior by three years, who later became the first Director of the Edward Grey Institute of Field Ornithology at Oxford.
In those days, Oxford and Cambridge colleges offered scholarships of considerable monetary value, which were awarded on the results of an examination held in December, leaving an interval of nine months before entering the university in the following October. Hodgkin won one of these scholarships to Trinity College, Cambridge, in December 1931, in botany, zoology and chemistry. He spent May 1932 at the Freshwater Biological Station on Windermere in the English Lake District, where he had his first experience of research, on the effect of changed temperature on the movements of a planarian. He then spent a few months learning German with a family in Frankfurt; he records that when war broke out in 1939, he was anxious to start war work as soon as possible despite his Quaker upbringing, as contact with Nazis during that visit had destroyed his pacifist beliefs. During his scholarship examination he met Carl Pantin, F.R.S., a Trinity zoologist (later Head of the Zoology Department at Cambridge), and it was on his advice that Hodgkin also spent time teaching himself mathematics. He continued this self-instruction while an undergraduate, and by the time he began research on nerve he was probably as proficient in mathematics as any biologist of his time.
There is a very full account of his boyhood in his autobiography, Chance and design: reminiscences of science in peace and war (13)*, from which I have drawn repeatedly in this memoir. It was his war work that led him to write this. The development of airborne radar had not been covered in any of the histories of the war, and Hodgkin felt that he had a duty to the memory of his colleagues, several of whom had lost their lives in accidents during test flights, to record their achievement. When this was complete, he added accounts of his boyhood, his time at Cambridge before the war, and his post-war scientific work, with outlines of his activities as President of The Royal Society and as Master of Trinity. The result is a delight to read, enlivened by frequent quotations from his letters to his mother and his wife's letters to her parents in the USA.
U  C, 1932-35 Hodgkin came up to Trinity College, Cambridge, in the autumn of 1932 to read for the Natural Sciences Tripos. This is divided into two parts: Part I, occupying two years, requires the study of three sciences, whereas Part II occupies one year of specialization in a single science. His original intention was to specialize in zoology with the idea of a career in applied biology, probably overseas, but on the advice of Carl Pantin, who became his Director of Studies, he took physiology together with zoology and chemistry in Part I, obtaining a First Class and being awarded the Frank Smart Prize for Zoology. He became more interested in physiology and chose it rather than zoology for his Part II, again obtaining a First Class.
Increasingly from Hodgkin's time until the outbreak of war, many Cambridge undergraduates held extreme left-wing views, and a substantial number were members of the Communist Party. This was generated partly by anti-Nazi and anti-Fascist feeling, partly by sympathy for the many unemployed, and partly by uncritical admiration of the USSR. Hodgkin sympathized with some of these motives and took part in a few of the demonstrations and other activities organized by these individuals, and knew personally a few of their leaders, such as J. Klugmann, Guy Burgess, H.A.R. Philby and John Cornford. He also knew Anthony Blunt, then a young Research Fellow, convicted after the war for betraying secrets to the USSR but at that time known only as an art historian and not active in politics. However, Hodgkin was saved from admiration of the Soviet system by having talked with his step-uncle R. (later Sir Reader) Bullard who was Consul-General in Leningrad and had held the same position in Moscow; from him, Hodgkin learnt of the iniquities of Stalin's regime and this protected him from being tempted into left-wing politics.
Hodgkin became a member of two notable societies, both composed primarily of undergraduates and postgraduate students but occasionally attended by senior members, many of them very distinguished. One was the Cambridge University Natural Science Club and the other was the Apostles; Hodgkin was elected to these in his first and his last undergraduate years respectively. At each meeting a member read a paper on a topic in which he was interested, in the former case in some scientific field and in the latter on some matter of general intellectual interest. Hodgkin greatly enjoyed the meetings of both, especially the annual dinner of the Apostles in London attended by members of the Bloomsbury set and other famous people.
R  C, 1934-37 In Trinity, Hodgkin stepped into a tradition of interest in physiology and particularly in the mechanism of nerve action. The latter had been started by a friend and contemporary of Hodgkin's father, Keith Lucas, F.R.S., a Fellow of Trinity who was killed in a flying accident during World War I while developing navigational aids for aircraft at what was then the Royal Aircraft Factory (later Establishment) at Farnborough. Lucas showed that the consequence of stimulating a muscle fibre (Lucas 1905) or nerve fibre (Lucas 1909 ) was an 'all-or-none' response, i.e. the size of the response (the twitch of a single muscle fibre or the group of fibres innervated by a single motor nerve fibre) was the same whatever the nature or the strength of the stimulus that set it off. The tradition was carried on by A.V. Hill, F.R.S., with his analysis of nerve excitation, although his name is better known for his work on muscle contraction. Lucas's pupil E.D. (later Lord) Adrian, F.R.S., who became Head of the Physiology Department in 1937 and Master of Trinity and President of The Royal Society after World War II, showed that the electrical response of a muscle fibre, as well as its mechanical twitch, was an all-or-none event, and later recorded the sequences of nerve impulses set up by sense organs or sent from the brain or spinal cord to muscles. Another contributor to this tradition was William Rushton (F.R.S. 1948), another Fellow and a member of the teaching staff of Trinity, who did important research on the excitation of nerve and muscle and on vision. All of these influenced Hodgkin in his interests and in his career, and, apart from Lucas, all became personal friends of his. Later, he worked jointly with Rushton.
Hodgkin began his first research on nerve during his final undergraduate year and completed it during the subsequent year; it was an important result and had the consequence that he had the unusual distinction of being elected to a junior Research Fellowship at Trinity in 1936 at the first opportunity (most are elected three years after finishing as undergraduates). In this work, Hodgkin gave the first experimental evidence (1, 2) for an idea (the 'local-circuit theory') that had been under discussion since it had been proposed by Hermann (1872) : the electrical event at each point along a nerve fibre causes current to flow forwards along the core of the fibre and out through the membrane, where it acts as a stimulus, activating that point on the fibre. The experiment was to block conduction in a nerve from a frog by local cooling and to record the small change in excitability that was detectable beyond the block when an impulse approached; this was as large as the effect of an electrical stimulus that was almost strong enough to start a propagated impulse. The experiment had actually been planned with a different objective. The theory of J. Bernstein (1902) that was current at that time postulated that the change in potential across the nerve membrane during the impulse was due to a great increase in the permeability of the membrane to ions, which would show up as a decrease of electrical resistance, and Hodgkin was hoping to detect this. The outcome was therefore an example of the 'chance' that forms part of the title of his autobiography.
Hodgkin's next piece of research was another example of 'chance'. Adrian suggested that he should try recording from a nerve of a crab instead of the usual frog nerve. He divided the nerve into bundles; most of these consisted of many fibres, each needing a different strength of stimulus to excite it so that the overall electrical change passing along the bundle was graded with the strength of the stimulus. However, one bundle gave an exceptionally large response that obeyed the all-or-none law, so it evidently consisted of a single fibre of unusually large size. This preparation enabled Hodgkin to make another major advance (3). He recorded the electrical changes on the surface of the fibre near to the place where an electrical shock was applied. When the shock was nearly, but not quite, strong enough to set up an all-or-none propagated impulse, there was a 'local response' superposed on the purely passive change that was seen with much smaller shocks or shocks of the opposite polarity. There was already evidence for such a phenomenon, from experiments by Bernard (later Sir Bernard) Katz (F.R.S. 1952) (later a collaborator of Hodgkin's) in which changes in the excitability of a nerve were measured close to the point at which a shock was applied, but these experiments by Hodgkin were the first direct observation of a 'local response' in a nerve fibre.
V   USA, 1937-38 In 1937 Hodgkin was awarded a travelling fellowship by the Rockefeller Foundation and was invited by Herbert Gasser, For.Mem.R.S., head of the Rockefeller Institute in New York, to spend a year at the Institute. During his time in the USA, he also visited other world-famous nerve physiologists, including J. Erlanger and E.A. Blair in St Louis, and he records that they and other American physiologists were very resistant both to the local-circuit theory and to the idea of a local response. The latter was regarded as a breach of the all-or-none 'law', which had become established as a dogma.
As regards the local-circuit theory, Erlanger challenged him to demonstrate that the conduction velocity of a nerve fibre was increased if the longitudinal resistance of the fluid outside the fibre was reduced. Hodgkin achieved this (4) by two methods, both using crustacean nerve fibres. In the first, the fibre could either be immersed in a large volume of saline or raised into paraffin oil so that there was only a very thin layer of saline around the fibre; as expected the conduction velocity was much higher in the former case. In the second method, the fibre was in oil but was laid across a series of metal strips that could be connected electrically by lowering their ends into mercury, thus short-circuiting the high resistance of the layer of saline around the fibre. Again, the conduction velocity was raised when the resistance was reduced in this way.
Hodgkin met K.S. (Kacy) Cole (For.Mem.R.S. 1972), who was using as experimental material the giant nerve fibre of squids, discovered a few years earlier by J.Z. Young (F.R.S. 1945) of Oxford. This fibre is about 0.5 mm in diameter, twenty times the diameter of the fibres in crab nerve that Hodgkin was using (themselves double the diameter of the largest fibres in any mammal), so that many experiments that would be impossible on other nerve fibres are practicable on the squid giant fibre. In an exceptionally elegant experiment, Cole, together with H.J. Curtis, had measured the transverse impedance of these fibres by means of an alternating-current bridge circuit working at frequencies from 2 to 1000 kHz (Cole & Curtis 1939) , and had found that during the impulse the capacitance of the membrane did not change but the conductance in parallel with it rose to a high value, confirming the reality of the phenomenon that Hodgkin had looked for without success in frog nerve. The constancy of the membrane capacitance showed that there was no complete 'breakdown' of the membrane, a phrase commonly used at that time.
However, the resting conductance was so low that it could not be detected in those experiments, and Hodgkin collaborated with Cole in measuring the resting membrane conductance by a direct-current method. This was Hodgkin's introduction to the use of the squid giant nerve fibre, his main experimental material in the most important of his later experiments.
One of the famous members of the Rockefeller Institute was Peyton Rous (For.Mem.R.S. 1940), who later (in 1966) received a Nobel Prize for his discovery (in 1911) that a cancer in chickens was caused by a virus. Through him Hodgkin met Rous's daughter Marion (Marni), whom he later married. Their acquaintance was interrupted by Hodgkin's return to Britain and by the outbreak of war, but in 1944 Hodgkin returned to the USA for a few weeks in connection with his war work. He renewed his acquaintance with Marni, they married and succeeded with some difficulty in getting permission for her to come to Britain, although they could not get passages on the same ship. Despite its precipitate beginning and the tribulations of setting up house in wartime and early postwar Britain, the marriage was outstandingly happy and successful.
C, 1938-39
On his return to Cambridge from the Rockefeller Institute in the summer of 1938, Hodgkin took up appointments as a University Demonstrator (equivalent to Assistant Lecturer) in Physiology and a teaching Fellow of Trinity. His scientific work in the academic year 1938-39 consisted in writing up the experiments that he had done in the USA, in building a new set of electronic equipment based on expertise that he had learnt at the Rockefeller, and in starting two new lines of work that were not completed until after the war. One of these was joint work with William Rushton in which they showed, in experiments on isolated nerve fibres from crabs and the somewhat larger fibres from lobsters, that the electric changes produced by applied currents much too small to excite the fibre were well described by equations applicable to a non-living cable with a substantial resistance to longitudinal current in the core and with a high but slightly leaky capacitance in the insulating layer; this work was not published until after the war (6). The other, also on isolated crustacean fibres, was measurement with external electrodes of (i) the amplitude of the potential change when an impulse went past, and comparing this with (ii) the steady potential produced when the fibre was cut at one of the electrodes. Although these measurements were made with external electrodes, on simple theory the recorded potential ought always to be proportional to the potential difference across the nerve membrane. On Bernstein's theory, (i) ought always to have been smaller than (ii), but Hodgkin's measurements showed that it was about twice as large; similar observations had been made on frog muscle but were published only in brief form and were not then known to Hodgkin (Burdon-Sanderson & Gotch 1891; Schaefer 1936) . Because of the uncertainty of measurements with external electrodes, Hodgkin never published this result but it was followed up (and confirmed) in the summer of 1939 with an internal electrode pushed down inside the giant nerve fibre of the squid.
I went up to Trinity as an undergraduate in 1935. Both Hodgkin and I lived in the college and we met occasionally in friends' rooms. In 1938-39 I did Part II physiology; I received some teaching from him and he let me join in some of his experiments. An outcome of these contacts was that he invited me to join him at the laboratory of the Marine Biological Association at Plymouth during the summer vacation of 1939 to do some experiments on the squid fibre. The first experiment that we attempted was to measure the viscosity of the contents of the fibre, so we fixed a glass cannula into one end of a fibre and tried to drop mercury down. However, the drops of mercury stopped almost immediately, showing that the inside of the fibre was a solid gel and not a viscous liquid as we had supposed. But Hodgkin saw that we had the fibre in a position in which we could push a fine saline-filled glass tube containing a chlorided silver wire down inside the fibre to act as a non-polarizable electrode. With this wire we could measure the potential difference directly between the interior and the exterior of the fibre, using the direct-coupled amplifier with cathode-follower input that Hodgkin had built. With the fibre at rest, the interior was about 50 mV negative to the external solution, as we expected, but when we stimulated the fibre the internal potential rose by nearly 100 mV, so that there was an 'overshoot' of 40-50 mV beyond the external potential, confirming Hodgkin's result with external electrodes and a crustacean fibre. The same experiment was done in the USA that summer by Curtis & Cole (1940) ; they recorded action potentials nearly as large but used a capacity-coupled amplifier and a bare metal electrode with indeterminate junction potential and therefore could not measure the resting potential, so they did not recognize that an overshoot occurred.
By the time that we had checked our result a few times, war was obviously imminent so we left Plymouth, leaving our equipment behind in the hope of being able to resume our experiments after a short interruption. Two days later, Hitler's armies marched into Poland, and the interruption lasted for eight years, during which the Plymouth laboratory was badly bombed. We published our result in a short Letter to Nature (5), with no explanation for the overshoot. We met a few times during the war and published a full-length paper in 1945, containing no less than four possible explanations for the overshoot, all of which turned out to be wrong. It was also in 1945 that Hodgkin and I began discussing the idea that turned out to be correct. He worked on two problems. One was to devise apparatus for reducing the demand for oxygen at high altitude by supplying it to the pilot's face mask only while he was breathing in. The other was the 'bends', the severe pains caused by bubbles of nitrogen coming out of solution in body fluids when the surrounding pressure is reduced. Hodgkin experienced these by sitting in a decompression chamber while the pressure was lowered to that corresponding to an altitude of 40 000 feet. In fact, Swanage was heavily bombed only a week after this move. Together with other teams engaged on radar and communications development for the Royal Air Force, they took over the buildings of Malvern College, a well-known boys' school, where they remained for the rest of the war.
An airborne radar system working on a wavelength of 1.5 m was already in service, largely for detecting ships, but versions for aircraft interception (AI) in darkness were just entering service. However, their usefulness was severely limited by the breadth of the beam, which was inevitable because it was impossible to mount in an aircraft a reflector or aerial system with dimensions much greater than the wavelength. The use of a shorter wavelength was the obvious solution, but the difficulty was to obtain sufficient power at the high frequencies required. At first, Lovell and Hodgkin experimented with horn aerials to operate on a wavelength of 50 cm but were soon put on to the ambitious task of trying to use wavelengths of 5 or 10 cm. This became practicable with the invention (by J.T. (later Sir John) Randall (F.R.S. 1946) and H.A.H. Boot at the University of Birmingham) of the cavity magnetron, a type of electron tube that gave greatly increased power at the required frequencies.
The narrow beam obtainable with a wavelength of, say, 10 cm gave two advantages over the 1.5 m system. It naturally gave more accurate localization of a target, but its main advantage was that it greatly reduced the intensity of radiation going below the horizontal and creating echoes from the ground; these tended to obscure echoes from aircraft at distances greater than the height of the transmitting aircraft above the ground. However, the narrow beam had the disadvantage that the direction of the beam had to be scanned over a wide angle to pick up a target in the first place. Several modes of scanning were under consideration, e.g. a rapid vertical oscillation achieved by moving the aerial above and below the focus of the paraboloidal mirror combined with a slow movement in azimuth, and a helical scan with rapid rotation in azimuth combined with a slow movement in elevation. Hodgkin, however, had the idea of a spiral scan in which the axis of the paraboloid rotated rapidly (1000 rpm) around the direction in which the aircraft was heading, with a radius that varied slowly. The display for the pilot, devised by Hodgkin from the PPI (Plan Position Indicator) originally developed for ground-based radars, used a radial time base which rotated in synchrony with the rotation of the aerial. This separated the aircraft echo from ground echoes and gave a picture that was easily interpreted by the pilot. This scheme was agreed on in preference to the helical scanner, and a prototype was made quickly by Messrs Nash & Thompson using a hydraulic-driven twenty-eight-inch diameter paraboloid, with the radius of the scan varying between 1.5°and 31.5°, which gave a cover of ±45°. It was fitted inside a Perspex nose on a Blenheim aircraft (a twin-engined light bomber), and Hodgkin made about seventy test flights of the equipment, during which many difficulties were eliminated and improvements in the electronics were introduced. This design was in fact adopted for the first two versions of centimetric radar that went into service with the RAF. On many of these flights, Hodgkin was accompanied by A.E. Downing, a member of the TRE staff. In late 1942, Downing was killed in a particularly tragic accident when the aircraft in which he was flying was wrongly identified by a fighter station and was shot down by a Spitfire.
For about a year from September 1941, Hodgkin was busy with the installation of preproduction radars of this type (AI Mark VII) in forty Beaufighters, another twin-engined aircraft, and with early models of the production series (AI Mark VIII) with greater transmitter power and additional facilities. This involved much liaison work with the firms by whom the parts had been built, and flight testing to eliminate teething troubles. The altitude at which the Mark VII equipment could be used was limited to about eight thousand feet because at greater altitudes sparks occurred from parts that were at high voltages, so at first the main operational use of these aircraft was against night-time minelaying sorties, which had previously been immune to attack; it was described as 'outstandingly successful'. By the end of the war, these aircraft had destroyed about a hundred enemy planes, many of them in the Mediterranean. Mark VIII, together with an American system known in Britain as AI Mark X, was of major importance in air operations supporting the Normandy landings in 1944. The success of these developments owed much to the friendly collaboration that was established between the Service personnel and the civilian scientists, including Hodgkin, who took part in the flight trials.
In the autumn of 1942, Hodgkin was put in charge of work to defend British night bombers against fighter attack. This had high priority because of the heavy losses when operating over Germany. The initial requirement was for a simple set providing only the range of the target, to be used in conjunction with a visual predictor gunsight on a turret carrying four light machine guns (0.303 inch). The development was made dificult by a ruling that only standard components manufactured in Britain were to be used, which precluded the use of miniature valves. The requirement was upgraded so as to provide for firing blind, so Hodgkin's group developed a system in which a cathode-ray image showing the position of the aircraft was projected into the field of view of the gunner and range was fed automatically into the predictor. A spiral scanner was used, with smaller paraboloid than in the radar for fighters, and it scanned over a smaller angle. It was not possible to mount it within the turret, so it was mounted separately but moved synchronously with the turret. After camera-gun photographs had shown that the guns could be trained with an accuracy of about half a degree, it was put into production and fitted in Lancaster bombers. After initial successful use, the radars were removed because the aircraft were to be used in daylight bombing in preparation for the Normandy landings in 1944.
As already mentioned, Hodgkin spent some three months in the USA in early 1944, posted to the British Air Commission to exchange information on the development of radar in the two countries. This involved time at the Radiation Laboratory at MIT and visits to firms that were manufacturing the equipment, and also attending trials at Eglin Field in Florida.
When the attacks with V1 pilotless aircraft began in June 1944, an attempt was made to adapt the radars removed from bomber aircraft to conrol 40 mm Bofors guns for use against the V1s. However, the launching sites were overrun by Allied troops before the system could be brought into use, and the programme came to an end. Hodgkin then began on a radar to be used on a steerable rocket being developed at the Royal Aircraft Establishment to be launched from a fighter aircraft, and was given the task of keeping a watching brief on guided missiles generally for the TRE. However, the war came to an end before any such development could be completed.
From the autumn of 1944, Hodgkin was able to take periods of leave, much of which he spent in Cambridge preparing to start research again. He was released from the TRE in June 1945 and settled permanently in Cambridge.
P C
On his return from war work, Hodgkin settled into a Cambridge academic career for the rest of his life. He was already a Demonstrator in the Physiology Department, and a college lecturer and Fellow of Trinity. He was promoted to a university lectureship in 1946 and in 1947 became an Assistant Director of Research, a post of rank equivalent to a lectureship but with reduced teaching duties. He held these posts until 1952, when he was appointed to the Foulerton Research Professorship of The Royal Society, which had become vacant through the retirement of A.V. Hill, and he became a Senior Research Fellow of Trinity. From then on, his only teaching duties were a few lectures to the physiology Part II course. In 1969, Hodgkin moved into a university research chair, the John Humphrey Plummer Professorship of Biophysics, from which he resigned when he was appointed Master of Trinity in 1978. His group, including a few members of the academic staff of the department, was a well-defined unit but it did not have a formal existence as a sub-department; it was funded by the Rockefeller Foundation and later the Nuffield Foundation. From 1948 until the end of his career, Hodgkin was ably assisted by R.H. Cook, a first-rate instrument maker with additional skills in electronics and in the care of animals.
M     I joined Hodgkin again at the beginning of 1946 when I was released from war work, but we had met in the autumn of 1945 and we then began discussing plans for research. The first problem facing us was the cause of the overshoot, i.e. the fact that the internal potential of a nerve fibre became positive during the action potential. According to the theory of Bernstein, long current in Cambridge, the internal negativity of a nerve fibre at rest was due to the membrane being slightly permeable to potassium ions but impermeable to other ions. Potassium is at a much higher concentration inside a fibre than in body fluids so it would diffuse outwards carrying its positive charge, thus driving the internal potential negative. Bernstein's theory of the action potential was that when the internal negativity was sufficiently reduced by an approaching action potential, the membrane suddenly became highly permeable to all ions. This would cause the potential difference across the membrane to drop to some very small value but it would not go appreciably positive, so it did not explain the overshoot. An increase in permeability had been confirmed by Cole & Curtis's (1939) demonstration of a great increase in the membrane conductance, but that experiment did not show what membrane potential would be expected.
In October 1945, I heard the Croonian Lecture by August Krogh (For.Mem.R.S. 1937), on the transport of ions through biological membranes. In this lecture (Krogh 1946) , he told of work using radioactive isotopes in Scandinavia during the war, which had not been known in Britain. In particular, he mentioned the exchange of sodium across cell membranes, contradicting the previous belief that cell membranes were completely impermeable to sodium ions. This implied the continuous activity of a 'sodium pump' extruding the sodium that entered the cell passively down its electrochemical gradient. It occurred to me that if the action of this pump were temporarily interrupted, sodium ions would continue to enter, tending to cause the interior to go electrically positive, and that this might be the origin of the overshoot. When I mentioned this idea to Hodgkin, he immediately pointed out that it was totally inadequate because, if the rate of entry of sodium ions were sufficient to cause the known rapid rise of internal potential in an action potential, the energy required to expel the sodium that would be entering continuously at rest would be far more than could be provided by the known oxygen consumption of nerve. So we began to discuss the related hypothesis that the overshoot was due to the increase in membrane permeability postulated by Bernstein being highly specific for sodium ions.
This idea now seems very obvious and it has been universally accepted for many decades, but at the time it was confronted by several serious difficulties, as follows.
(i) It was supposed that the reason why the resting membrane was impermeable to sodium while being slightly permeable to potassium was that the hydrated sodium ion is larger than the hydrated potassium ion, making it difficult to suppose that a membrane could become more permeable to sodium than to potassium.
(ii) The measurements of the internal potential of giant nerve fibres of the squid had been repeated in the summer of 1940 by Curtis & Cole (1942) using, as Hodgkin and I had done, a non-polarizable electrode and a direct-coupled amplifier. They had confirmed that the action potential was larger than the resting potential, but they reported action potentials in which the internal potential went as high as +110 mV relative to the external fluid, much higher than could be attributed to the inward diffusion of sodium ions with the known concentrations of sodium ions outside and inside the fibre. (iii) Curtis & Cole (1942) also reported that the action potential was 'not appreciably affected' when the external solution was replaced by isosmotic dextrose. As regards (i), it is now recognized that ions do not simply diffuse through a pore of fixed size but cross the membrane through highly specific 'channel proteins'. No explanation has been found for (iii), but (ii) did receive an explanation: Curtis & Cole used electrodes with high electrical resistance and capacitance, causing a lag for which they compensated by means of a variable inductance in the amplifier. They admitted later that the very large action potentials were due to overdoing this compensation.
Largely because of these difficulties, we decided not to publish the sodium idea until we had experimental evidence. This would clearly be best obtained by internal recording from the giant nerve fibre of the squid. Such experiments were possible only at the laboratory at Plymouth, which had been bombed during the war and also had lost its trawler, so the first opportunity for this work was in the summer of 1947. In the interval, Hodgkin and I pursued questions on nerve that were related to the participation of ions. Hodgkin measured the increase in membrane conductance in crab fibres when the external concentration of potassium was raised, and together we used this result as a means of estimating the amount of potassium lost by the fibre each time an action potential passed; we found that this was about double the amount necessary to restore the resting potential, and mentioned in passing the possibility that the action potential was generated by the entry of sodium ions (7). On the theoretical side, we discussed mechanisms by which ions could cross the lipid membrane, without reaching any useful conclusion. We also calculated the time course of action potentials (including one propagated action potential) on speculative assumptions about changes in ionic permeabilities resulting from changes in membrane potential. Hodgkin drafted a joint paper with this material; it was not published but some of its material, including one action potential, was presented at a meeting in Paris in April 1949 (9). Several of the assumptions were qualitatively similar to what we found later in our voltage-clamp experiments.
Hodgkin took his equipment to Plymouth in mid-June 1947; he invited me to join him but I declined because I was about to be married. He soon found that the action potential was rapidly and reversibly abolished in sodium-free solutions; he also found that the size of the action potential was reduced at lowered sodium concentrations and was actually increased if the sodium concentration was raised above the normal value. These results, and the conclusion that the action potential is generated by the entry of sodium ions, were reported verbally at the International Physiological Congress in Oxford in July, in place of a scheduled communication on a different topic. In September, Hodgkin was joined by Bernard Katz, who had independently thought of sodium entry as an explanation of the overshoot. They obtained much more specific evidence, showing that, over a wide range of external sodium concentration, the peak height of the action potential varied as expected for a Nernst equilibrium, and that the rate of rise of the action potential was directly proportional to the external sodium concentration (8) . They also investigated the effect of changed temperature on the action potential.
With hindsight, Hodgkin and I later felt that we had been stupid not to have realized at once that a simple explanation for the overshoot would be that the increase of permeability was specific for sodium. In 1939, neither of us knew of the paper of Overton (1902) in which he described very convincing experiments showing that sodium (or lithium) ions were indispensable for the contraction of a frog muscle; if we had known of it, I am sure that we would immediately have reached the correct explanation for the overshoot.
T  
The prewar experiments (3) in which Hodgkin had seen the local responses of crustacean nerve fibres when stimulated by a shock just too weak to start a full-sized impulse had led him to believe that the increase in permeability during the action potential was not itself an instantaneous change but was graded with the change in internal potential. As the internal potential was raised the increase in permeability (even if it allowed all species of ions to enter or leave, as supposed by Bernstein) would tend to raise the internal potential so that a point could come at which the situation was unstable: any small rise in potential would cause a permeability increase that would cause an additional potential rise, and so on in an explosive manner until a new equilibrium was reached. This instability would be the cause of the all-ornone character of the action potential. Hodgkin conceived an experiment in which current was passed between a long wire in the inside of a nerve fibre and the external solution; the potential of the interior would be monitored and a feedback amplifier would control the current so that the potential underwent a predetermined time course. This arrangement is referred to as a 'voltage clamp' because it is usually used to bring the internal potential from its resting level to another level and to 'clamp' it at this level for a substantial period. Cole had the same idea and was the first to have such an equipment running, in 1947, but he made only limited use of it. His collaborator Marmont, who designed the equipment, intended it for the converse (and much less informative) experiment in which the current through the membrane was controlled; Cole introduced a modification so that it could be used as a voltage clamp, and they did enough experiments of this type to show that current through the membrane did indeed vary continuously with membrane potential (and time), with a region of potential in which the relationship would be unstable without the voltage clamp (Cole 1949) .
Hodgkin visited the USA again in the spring of 1948. He learnt from Cole about his voltage-clamp experiments and in turn told Cole of the experiments with Katz on the effects of altered sodium concentration. Hodgkin's first voltage-clamp experiment was not done until the following year, and this has given rise to the suspicion that Hodgkin got the idea from Cole. I am quite certain, however, that Hodgkin had thought of it independently: I have a clear memory of a discussion with him before I returned to Cambridge in January 1946, in which he explained the idea of a voltage clamp. He spoke of using separate electrodes for passing current and for measuring potential; I suggested that the same result could be achieved more simply by having a single electrode and feeding it from a low-impedance source but Hodgkin pointed out that the results would then be distorted by polarization of the electrode because of the large current densities that would be required at the surface of a wire electrode. This was in fact the set-up used by Cole and Marmont; they did use feedback but because potential was measured from the same wire that was used for passing current, the net effect of the feedback was simply to feed the wire from a low-impedance source. As a result, electrode polarization caused the long-lasting outward current during a long period of raised internal potential to fall away with time in their experiment. Hodgkin invariably used separate electrodes, as did Cole and his collaborators in later experiments.
Hodgkin's voltage-clamp equipment was ready for the Plymouth season of 1948. He and Katz started work with it and I joined them later. We obtained results generally similar to those recorded by Cole the previous year; ours were better in some respects but less good in others. We improved the apparatus before the 1949 season so as to obtain better time resolution, and then Hodgkin and I did our final series of experiments, in which we recorded the effect of altered sodium concentration in the external solution and also the effect of two successive steps of potential. Analysing the results was a laborious business because the records were photographs of traces on a curved cathode-ray tube face and had to be measured by hand; further, the first electronic computer at Cambridge was not operational at the time and I did all the calculations (some very extensive) with a hand calculator. We separated the components of current carried by sodium and by potassium ions by subtracting records taken with different external sodium concentrations and fitted their time courses with equations that seemed plausible if the currents were carried by the ions diffusing through 'gates' in the membrane that were opened or closed by changes in membrane potential. We obtained a satisfactory fit to our observations on the assumption that there were three processes governed by membrane potential change but independent of each other. One of these opened gates for sodium ions; another, much slower, closed another gate for sodium ions in series with the first ('inactivation'); and a third (also slow) opened gates for potassium ions. The first and third of these had the unexpected property that opening in response to a sudden rise of internal potential started slowly and gradually accelerated, whereas, when the potential was lowered again, the gates closed without any such lag. We fitted this behaviour by assuming that each gate was controlled by several charged particles that moved across the membrane independently of one another, under a force proportional to the membrane potential change, and that the gate was open only when all of those particles were in the position adopted when the internal potential was high. These assumptions led to four simultaneous differential equations, three nonlinear and one linear, whose solution gave the time course of potential change when the voltage clamp was not operating and a short pulse of current was applied to initiate an action potential. The results of such computations were satisfyingly similar to real action potentials, both in the condition where the membrane potential was forced to be uniform all along a piece of fibre by having a conducting wire inside, and when a normal fibre was stimulated to give a propagated action potential (10) . The latter type of calculation was particularly laborious.
This work was published in five papers in 1952 and led to the award of the Nobel Prize in Physiology or Medicine in 1963 to us, jointly with Sir John Eccles, F.R.S., 'for their discoveries concerning the ionic mechanisms involved in excitation and inhibition in the peripheral and central portions of the nerve cell membrane'. Neither Hodgkin nor I actually worked with Eccles: his share in the prize was awarded for his recordings of the electrical changes in nerve cell bodies in the spinal cord of mammals when activated reflexly. To my surprise, the 'Hodgkin-Huxley equations' that we published have survived with relatively little modification, although at the time I thought that they were very provisional and would soon be superseded as a consequence of more precise and extensive experiments.
O   
Shortly after the war, Hodgkin was the PhD supervisor of R.D. Keynes (F.R.S. 1959), and encouraged him to develop radioactive tracer methods for measuring the movements of ions in and out of nerve fibres at rest and during the impulse. Later, they joined forces at Plymouth to investigate, with other collaborators, the working of the sodium pump that restores the internal concentrations of ions to their resting values after the exchange of sodium and potassium ions during action potentials. They also discovered the phenomenon of the singlefile diffusion of potassium ions through nerve membranes, and proposed an explanatory model that has very recently been shown to agree well with the actual atomic structure of the potassium filter. These experiments were continued by Keynes in collaboration with P.R. Lewis, both members of Hodgkin's group in the Physiological Laboratory. Among other things, they showed that potassium ions inside a nerve fibre are freely mobile (i.e. not immobilized by binding to other solutes such as proteins), and they measured the quantity of sodium entering and potassium leaving a fibre in each impulse. With help from Keynes, Hodgkin and I measured simultaneously the steady current drawn from a region of a cuttlefish fibre and the amount of labelled potassium leaving, confirming that large outward currents are carried by potassium ions.
In the intervals between the summer seasons at Plymouth, Hodgkin did other important work at Cambridge. During his visit to the USA in 1948, he had attended the conference of the Federation of American Societies for Experimental Biology and saw a demonstration of a new technique: Graham & Gerard (1946) and G. Ling at Chicago had found that a muscle fibre was not seriously damaged by pushing through its surface membrane a saline-filled glass tube with a fine tip (less than 1 µm in diameter) to act as an electrode. This gave a direct measure of the internal potential of a resting fibre, but the electrical resistance of the electrode was so high that the response of the recording system was too slow to record the action potential, which lasts only for about 1 ms. On his return to Cambridge, Hodgkin, together with W.L. Nastuk, made two major improvements to the system. The first was to fill the fine-tipped tube with concentrated potassium chloride solution, giving a much lower resistance than when a solution comparable to body fluids was used. The other improvement was to reduce the effective input capacitance of the amplifier by screening the input wire with wire mesh connected to the amplifier in such a way that its potential followed that of the inside of the electrode and almost no current had to be drawn through the electrode tip to charge the capacity. With these improvements, they recorded the action potential satisfactorily and showed that it was generated by the entry of sodium ions just as in the squid giant nerve fibre. This method of recording was immediately adopted by numerous other workers and is still a standard technique.
When we had completed the work on the squid fibre that we published in 1952, we could not see what could be done next to take the understanding of the excitation process to a deeper level. Huge advances have been made since, but all have depended on developments in electronics or on advances in other branches of biology-notably molecular genetics-that were unforeseeable in 1952. Hodgkin therefore continued his work on other aspects of nerve physiology, still using the giant fibre of the squid and also the equivalent fibre from cuttlefish. This is not as large but has the advantage that cuttlefish, unlike squid, survive well in an aquarium and could therefore be kept in the laboratory at Cambridge.
With B. Frankenhaeuser from Stockholm, he measured the important effects of altered calcium concentration on the excitation process in the squid fibre. With P.C. Caldwell (F.R.S. 1975), Keynes and T.I. Shaw (F.R.S. 1971), he showed that when the outward movement of sodium had been stopped by poisoning with cyanide, it could be restored by the injection of high-energy phosphate compounds. Together with P.F. Baker (F.R.S. 1976) and Shaw, he replaced the contents of squid fibres by solutions of other ions, to determine the specificity of the permeability mechanisms. With Baker and E.B. Ridgway, he measured the influx of calcium by means of a protein, aequorin (from a jellyfish), which emits light when it reacts with even minute quantities of calcium.
Another line of work in this period was concerned with muscle fibres, particularly the links between excitation and contraction. Together with P. Horowicz, he investigated the inactive state of muscle fibres whose membrane potential had been lowered for a long period. With R.H. Adrian (F.R.S. 1977, son of the first Lord Adrian) and W.K. Chandler, he devised a system for voltage-clamping muscle fibres by the use of three microelectrodes pushed through the surface membrane, and measured the contractions produced by raising the internal potential by various amounts and for varying periods. They also measured the permeability of the muscle membrane to various ions and began the study of the effects of entry of ions into the transverse tubular system of muscle. With Adrian, L.L. Costantin and L.D. Peachey, he investigated the inward spread of activation from the surface of a fibre.
The conclusions from Hodgkin's work on nerve are well described, and are put into their historical perspective in his book (11) based on the Sherrington Lectures that he gave in the University of Liverpool in 1961.
E  
Hodgkin's interest in vision began in 1962 when he collaborated with M.G.F. Fuortes in experiments at the Marine Biological Laboratory at Woods Hole, Massachusetts, on the eye of the horseshoe crab, Limulus (12). They used a microelectrode to record the electrical changes in a visual cell when it was activated by a flash of light. There was a long delay before the response began, and they showed that the time course was well fitted by assuming that there were about ten stages of amplification between the absorption of light and the electrical response, each with a time constant of about 35 ms. They did not claim that this was the only possible mechanism, and they had no evidence about the physical basis of the amplification at each stage. When the eye was light-adapted, both the gain and the time constant of each stage were reduced, giving better time resolution together with the reduced sensitivity, even at moderate light levels where the loss of visual pigment by bleaching was negligible.
From 1970, coinciding with his appointment as President of The Royal Society, Hodgkin's main research was on vision, in particular the mechanism by which the rods and cones of the vertebrate retina are activated by light. It was already known that activation by light makes the internal potential of these cells become more negative, i.e. the reverse of the response of other sensory cells to their appropriate stimuli. With D.A. Baylor and T.D. Lamb (F.R.S. 1993), Hodgkin recorded with microelectrodes from cones in the retina of a turtle, and showed that the response resembled that which he and Fuortes had recorded in Limulus in that it could be fitted by assuming a sequence of reactions started by a flash of light, but the reactions were fewer in number and faster, and the final step was the production of a substance that blocked the entry of sodium ions, thus lowering the internal potential. Similar experiments on rods, in collaboration with P.B. Detwiler and P.A. McNaughton, showed that the rods are about a hundred times more sensitive, but that the variability in the voltage signal that should arise from the photon nature of light is smoothed out by a time-dependent coupling between adjacent rods.
With P.A. McNaughton and K.-W. Yau, Hodgkin began a series of experiments to identify the internal transmitter that is released by light and blocks the entry of sodium ions. They showed that an increase in the calcium ion concentration inside the rod potently blocks the light-sensitive current, and for a time they thought that calcium was the internal transmitter. However, later experiments with McNaughton and B.J. Nunn made it clear that the action of calcium was indirect. They proposed that calcium was not the internal transmitter, but that it modulated the production of the true internal transmitter, cyclic GMP (cGMP), whose role had been suggested by biochemical experiments. Shortly afterwards an elegant study from Fesenko's group in Moscow, which Hodgkin helped to get published in Nature (Fesenko et al. 1985) , showed that cGMP does indeed directly gate light-sensitive ion channels. In subsequent work with Nunn, Hodgkin substantiated and extended the proposed role of calcium in modulating the production of cGMP, and showed that the turnover of cGMP is accelerated when the photoreceptor is light-adapted, an observation that explains the better temporal resolution of vision in the light-adapted state.
Hodgkin's experimental work was brought to an end by the untimely death of his collaborator Brian Nunn in 1987.
P  T R S, 1970-75
The chief activities of The Royal Society can be summarized under three headings: support and encouragement of science in the United Kingdom; giving advice to the Government on scientific matters; and establishing and maintaining contacts with scientists in other countries. Hodgkin was active in each of these areas.
When he became President in November 1970, the Society was already in financial difficulties resulting from the rapid inflation that had begun in the later 1960s. This was primarily the business of the Treasurer, from 1972 Sir James Menter, but he has told me that Hodgkin was active in pressing for the necessary measures, which included: increasing Fellows' subscriptions and reducing their entitlement to the Society's journals; requesting an increase in the Government grant to the Society (which was agreed); and launching an appeal, partly to balance the increase of Government funds so as to maintain the independence of the Society. Another domestic matter was that the annual number of Fellows elected to the Society was increased from 32 to 40.
A matter of great importance for science in the UK was that the Ministry of Agriculture, Fisheries and Food had already proposed that it should take over the Agricultural Research Council, which until then had been an independent body funded directly by the Government. The question was discussed by the Society's Council after Hodgkin had talked it over with the heads of the other research councils; a letter was sent to the Secretary of State for Education and Science, Mrs (later Baroness) Thatcher (F.R.S. 1983), pointing out the danger that such a policy would stifle intitiative in basic research; and Hodgkin had an interview with her, with the outcome that Lord Rothschild, Head of the Central Policy Review Staff, was asked to produce a report on the question. This appeared in November 1971 as part of a Government consultative paper, A framework for Government research and development, which recommended that Government support for the Research Councils should come in the form of contracts from the related Ministries for specific pieces of research. Hodgkin, like most academic scientists in Britain, was strongly opposed to this proposal, and the Society's Council unanimously sent a memorandum in that sense. This did not prevent the adoption of the principle by the Government, although some of the proposed transfers of funds were reduced. An unfortunate personal consequence of this affair was that it overshadowed the longstanding and deep friendship between Rothschild and the Hodgkins.
On the international front, Hodgkin re-established scientific contacts with Japan and with China. There had been no formal contact with Japan since the war, and Hodgkin was a member of the first formal delegation to that country; this was shortly before he actually took over as President but he deputized for his predecessor, Lord Blackett, who was ill. The outcome was the establishment of an exchange agreement, on the lines of those already existing with many other countries. It was during Hodgkin's presidency (1971) that Emperor Hirohito (himself a distinguished zoologist) was elected a Fellow under Statute 12 (now Honorary Fellowship). Hodgkin's visit to China did re-establish occasional contacts but no more: the cultural revolution was still in progress, anything but the most directly applied science was impossible, and many scientists had been forced into manual work. Hodgkin also visited India, the USA, Canada and Australia during his presidency; he visited Kenya and Iran afterwards and had been in the USSR in 1967.
As Chairman of the Council, which met monthly for most of the year, Hodgkin, although holding strong views, did not impose them on the other members. He was a good listener, and generally asked another member of Council to start a discussion.
Throughout his time as President, Hodgkin was greatly helped by Sir David Martin, who had already held the responsible post of Executive Secretary for twenty-four years.
M  T C, C, 1978-84
The Mastership is a less demanding post in Trinity than in most colleges, because the Master is appointed by the Crown, and the Fellows, remembering a tyrannical Master in the eighteenth century, give him less power and fewer duties than in colleges in which the Head is elected by the Fellows. The Master's Lodge gave him and Marni scope for their talent as hosts, both to junior members of the college and to many senior persons. They restored the custom of inviting the visiting High Court judge to occupy part of the Lodge during his occasional tours of duty in Cambridge. Under Hodgkin's guidance, the courts known as Whewell's Courts were renovated and much of the Fellows' Garden was replanned. The decision to admit women undergraduates to Trinity had already been taken; it was a change with which Hodgkin wholeheartedly agreed, and the admission of the first batch coincided with his becoming Master.
L 
Hodgkin suffered from a series of medical problems that began very soon after his retirement as Master of Trinity. These culminated in an operation in 1989 to relieve pressure on the spinal cord from one of the intervertebral discs in his neck, which left him not actually paralysed but without position sense from his legs and therefore unable to walk without support, and with progressive disablement. Throughout his illnesses he was cared for devotedly by Marni.
P 
Hodgkin had a remarkable ability to recognize important problems in his areas of interest and at the same time to see ways of tackling them quantitatively. This was combined with skills in dissection and in electronics, and with his exceptional fluency in the necessary mathematics, which enabled him to succeed in projects of great difficulty. As a result, he was usually ahead of the field and could afford to carry on at his own pace without worrying about being overtaken by other laboratories. Apart from three or four early pieces of research performed alone, he did his experimental work with one, two or occasionally three collaborators. He had no wish to build up a large group as is often done nowadays. As well as his own collaborators, he usually had in his small section of the Physiological Laboratory one or two visitors doing their own research and publishing independently; he was free with advice and help to them, as he was to me when I was not actually in collaboration with him. He was always ready to discuss his current unpublished work with others. I have tried to model my style in science on his, and I regard myself as very fortunate to have served my scientific apprenticeship with him.
He remained a very modest man, despite his achievements and his distinction. He had many interests outside science, notably literature, art and travel. His wife Marni shared these with him, except for fishing, which he mentioned among his 'recreations' in Who's Who. She was for many years in charge of the children's book section of Macmillan. Their marriage was ideally successful, and it is tragic that their last years together were overshadowed by his disabilities. She survives him, together with the three daughters and one son of the marriage; the son has followed his father into biological research, and his election to the Fellowship of The Royal Society in 1990 gave great pleasure to his father. 
H  

